N umerous reports confirm the involvement of tumor necrosis factor (TNF) ␣ in the pathogenesis of heart failure (HF). 1, 2 Recently, a role for other ligands in the TNF superfamily in chronic HF have been suggested. 1 Several pathways are activated by ligand/receptor interactions in the TNF superfamiliy, and of particular importance is the activation of the transcriptional factor nuclear factor (NF)-B. This signaling pathway is activated in the failing human myocardium, leading to transcription of genes involved in apoptosis, cell survival, proliferation, inflammation, and hypertrophic responses within cardiomyocytes and myocardial fibroblasts. 3 
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We recently demonstrated that interactions between osteoprotegerin (OPG), a member of the TNF receptor superfamily, the receptor activator of NFB ligand (RANKL), and its cognate receptor RANK may be implicated in the pathogenesis of HF through different mechanisms such as promotion of matrix degradation and inflammation. 4 A role for the OPG/RANK/RANKL axis has also been demonstrated in a range of other cardiovascular (CV) disorders, including diabetic macroangiography, aortic aneurysm, cardiac valvular disease, and different manifestations of atherosclerosis. 5, 6 Importantly, this spectrum of CV disorders displays increased circulating levels of OPG, commonly associated with disease severity as shown in both cross-sectional and longitudinal studies.
The significance of OPG for vascular biology also has gained epidemiological support, with a range of studies reporting associations between circulating OPG levels and incident CV disease. 5 Moreover, several cohort studies in selected patient groups at high vascular risk suggest that OPG can provide independent prognostic information on all-cause and CV mortality. 5, 7 Also, in a small-scale study with no adjustment for objective measures of left ventricular (LV) function, we showed that OPG levels are predictive of survival in patients with postmyocardial infarction (MI) HF. 8 However, no studies have investigated the prognostic value of OPG in adverse events in patients with chronic HF.
The present study investigated the role of circulating OPG in predicting fatal and nonfatal outcomes in the Controlled Rosuvastatin Multinational Trial in Heart Failure (CORONA) population, a contemporary cohort of older patients with chronic systolic HF receiving modern pharmacological therapy and randomly assigned to statin therapy (rosuvastatin) or placebo in a double-bind fashion. 9, 10 Our primary goal was to determine whether OPG provided independent prognostic information in population of patients with chronic HF. We also examined the interaction between statin therapy and OPG in these HF patients.
Methods

Patients
The design and principal findings of CORONA have been reported in detail. 9, 10 Patients Ն60 years with chronic HF of ischemic cause, in New York Heart Association (NYHA) class II to IV and with an LV ejection fraction (LV-EF) Յ40% (Յ35% if NYHA II), were eligible, provided the investigator thought they did not need treatment with a cholesterol-lowering drug. Criteria for exclusion included recent CV events; current or planned procedures or operations; acute or chronic liver disease or alanine aminotransferase Ն2 times the upper limit of normal; serum creatinine Ն2.5 mg/dL; chronic muscle disease, contraindication to statin therapy or an unexplained creatine kinase Ն2.5 upper limit of normal; thyroidstimulating hormone Ն2 upper limit of normal; any condition substantially reducing life expectancy.
Study Procedures
The trial was approved by the Ethics Committees of the participating hospitals and patients provided written informed consent. Patients were allocated, equally, to 10 mg of rosuvastatin or matching placebo, once daily. The first patient was randomly assigned on September 15, 2003 . The present study was a substudy of the main CORONA trial comprising 1464 consecutively included patients designed to analyze plasma/serum levels of cytokines and other inflammatory mediators/markers. There were no significant differences in baseline characteristics between those included in this substudy and all randomly assigned in CORONA.
Study Outcomes and Definitions
The primary predefined outcome was the composite of cardiovascular mortality, nonfatal MI, or nonfatal stroke, analyzed as time to the first event. The secondary predefined outcome was all-cause mortality, any coronary event (defined as sudden death, fatal or nonfatal MI, percutaneous coronary intervention [PCI] , coronary artery bypass graft surgery [CABG] , ventricular defibrillation by an implantable cardioverter-defibrillator [ICD], resuscitation from cardiac arrest, or hospitalization for unstable angina), cardiovascular mortality (cause-specific cardiovascular death was also analyzed), and number of hospitalizations (for cardiovascular causes, unstable angina, and worsening heart failure [WHF]). Before analyzing OPG levels, we also included 1 additional post hoc composite outcome: death resulting from any cause or hospitalization for WHF, which is commonly reported in HF trials. The definition and adjudication of all outcomes have been described in detail previously as have data on C-reactive protein and N-terminal pro-B-type natriuretic peptide (NT-proBNP). 9 -12 
Blood Sampling and Biochemical Analyses
With the exception of OPG, all blood samples were nonfasting and analyzed on fresh samples at a central laboratory (Medical Research Laboratories [MRL], Zaventem, Belgium). NT-proBNP was analyzed using commercially available assay (Roche Diagnostics, Basel, Switzerland). An immunonephelometric method was used to measure C-reactive protein (Dade Behring, Atterbury, UK; sensitivity, 0.04 mg/L). Plasma OPG was measured by enzyme immunoassay (R&D Systems, Stillwater, MN) as described. 13 
Statistical Analysis
We present baseline variables in all patients with OPG measured at baseline, and in these also for subgroups based on tertiles of baseline OPG values (Table 1) . For continuous variables, differences in baseline variables between the patients in each OPG tertile were tested with the Student t test (for NT-proBNP with the Wilcoxon test), for categorical variables with the Fisher exact test. Numbers of hospital admissions (episodes) were analyzed using a permutation test.
In multivariate analyses, besides OPG as a continuous variable, demographic and clinical variables LV-EF, NYHA class, body mass index (BMI), diabetes mellitus (DM), sex, intermittent claudication, and heart rate, being the 7 most important variables; for details, see reference, 10 and 2 biochemical measures (creatinine and apoA1) were included in step 1. We did not include age because it was strongly interrelated with OPG. Importantly, when comparing the impact of age versus OPG, OPG added more information for the end point all-cause mortality and hospitalization for WHF (higher Wald and significant, which age was not). In step 2, NT-proBNP was included. The importance of OPG as a risk factor for the primary end point, for all-cause mortality, coronary end point, hospitalization for WHF, and for the composite end point of all-cause mortality or hospitalization for WHF (time to first event) was investigated. The discrimination ability of the survival models was validated by calculating the c-index, and the impact of OPG on the models was determined by comparing the models with and without OPG using the Ϫ2 log likelihood test. 14, 15 In this substudy, all analyses were performed in all patients randomly assigned, as well as in the 2 randomization groups separately to investigate whether the outcome would be different in the rosuvastatin group compared with the placebo group. The adjusted Cox regression model investigating the treatment effect of rosuvastatin versus placebo within each tertile used the same 10 variables as in the multivariate analyses, with the exception that OPG was replaced by age and that a treatment group was added. A 2-sided probability value of Ͻ0.05 was considered to be significant, except for interaction terms, for which probability values Ͻ0.10 were accepted.
Results
Clinical characteristics according to OPG levels at baseline are shown in Table 1 . Higher OPG levels were associated with older age, increasing NYHA class, lower LV-EF, lower BMI, lower diastolic blood pressure, higher heart rate, history of angina pectoris, previous CABG or PCI, DM, implanted pacemaker, ICD, lower total and low-density lipoprotein cholesterol, lower triglycerides, lower apolipoprotein A:apolipoprotein B-1 ratio, higher serum creatinine, lower estimated glomerulus filtration rate, higher NT-proBNP and C-reactive protein levels, current use of loop diuretics, ␤ blockers, digitalis, antiarrhythmic therapy, and antiplatelet and/or anticoagulant therapy.
Association Between Baseline OPG Levels and Outcomes
The unadjusted associations between different outcomes and tertiles of OPG are shown in Table 1 . Decreased all-cause, CV, and non-CV mortality was observed with increasing OPG levels. Also, the combined primary end point and composite of all-cause mortality or HF hospitalization showed a similar trend. Kaplan-Meier estimates showing associations with the primary end point, all-cause mortality, HF hospitalization, and the combined end point of all-cause mortality and HF hospitalization are shown in the Figure. We have previously identified history of DM, LV-EF, body mass index, NYHA class, apoA1 concentration, history of intermittent claudication, sex, age, and heart rate as independent Categorical data are reported as n (percentages) and continuous data as meanϮSD. Values are given as mean (SD) unless stated otherwise. Conversion factor for NT-proBNP: 1 pmol/Lϭ8.457 pg/mL. ACE indicates angiotensin-converting enzyme; ApoA-I, apolipoprotein I; ApoB, apolipoprotein B; ARB, angiotensin receptor blocker; BMI, body mass index; CABG, coronary artery bypass grafting; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; CRP, C-reactive protein; LDL, low-density lipoprotein; MDRD, Modified Diet in Renal Disease; NT-proBNP, amino-terminal pro-brain natriuretic peptide; NYHA, New York Heart Association; OPG, osteoprotegerin; PCI, percutaneous coronary intervention; PTCA, percutaneous transluminal coronary angioplasty.
*To convert to mg/dL, multiply by 38.6. †To convert to mg/dL, multiply by 0.0113.
predictors of mortality in this population. 10 When entered as a continuous variable and adjusting for these factors in a multivariate model, OPG was an independent predictor of all-cause mortality. Breakdown of all-cause mortality showed that OPG was not associated with CV death (Table 2) , although a modest effect was observed for death because of WHF (nϭ81, step 1 [see Table 2 for definition] HR 1.16 [1.06 to 1.28] Pϭ0.002). No association between OPG and nonmyocardial CV death (ie, stroke) and sudden death was observed (data not shown). In contrast, OPG was a significant predictor for non-CV death (Table 2) . Also, a strong association was found with HF hospitalization and the combined end point of this and all-cause mortality ( Table 2) . We have recently shown that NT-proBNP is by far the strongest predictor of the specified outcomes in these patients, with few variables adding to model fits. 10, 11 A marked increase across the tertiles of OPG was seen for NT-proBNP (Table 1) . When adjusting for NT-proBNP in the existing multivariate model (step 2, Table 2 ), the predictive value for OPG was weakened, including its association with death because of WHF (data not shown), but remained significant for HF hospitalization, the combined end point of all-cause mortality or HF hospitalization and, in particular, for non-CV mortality ( Table 2 ). The discrimination properties of the survival models above was validated by the c-index (Table 3) . Comparing the models with and without OPG mirrored the results of the multivariate analyses showing a significant impact of OPG on HF hospitalization, the combined end point of all-cause mortality or HF hospitalization and non-CV mortality (Table 3) .
OPG Levels at Baseline and Changes in OPG and Lipids during Follow-Up
Serum OPG levels were similar at baseline in the 2 treatment groups. During the course of the study, no modifying effect of placebo or rosuvastatin therapy was observed on OPG levels in all randomly assigned patients or in any of the OPG tertiles ( Table 4) . Notably, serum levels of OPG were markedly higher in nonsurvivors compared with survivors, not only at baseline, but also after 3 months, with the same pattern in the placebo and the rosuvastatin group ( (Table  5 ). However, the Cox-adjusted values were not significant for these associations. Nonetheless, when looking at the interaction by treatment comparing the 3 OPG tertiles, a significant association was observed for all-cause mortality (Pϭ0.086). No significant effect compared with placebo was observed in any of the OPG tertiles with regard to total number of patients hospitalized or total number of hospitalizations (Table 6 ).
Discussion
The main finding of our study is that circulating OPG is predictive of hospitalization for HF in patients with advanced chronic systolic HF and ischemic heart disease independently of conventional risk markers. The predictive power was reduced, but remained significant, when NT-proBNP was included in the analysis. No significant beneficial effect of rosuvastatin was observed according to tertiles of OPG, although a trend toward a favorable outcome of statin treatment on all-cause mortality was noted for patients with OPG levels in the lower tertile. Previously, elevated OPG levels have been found to predict all-cause and, in particular, CV mortality in patients with HF following acute MI 8 to predict HF hospitalization following Rank indicates rank for OPG among all variables included in each step (for variables in each step, see Methods). The highest-ranked variable and OPG's rank are given for each end point. BMI indicates body mass index; HF, heart failure; NT-proBNP, amino-terminal pro-brain natriuretic peptide; OPG, osteoprotegerin.
acute coronary syndromes, 16 and to correlate with higher LV end-systolic volume and lower LV-EF in the general population. 17 Our findings in the CORONA cohort extend these previous findings by showing that circulating OPG is independently related to the incidence of HF hospitalizations in patients with chronic HF secondary to ischemic heart disease. After adjustment for clinical and demographic covariates, OPG was also a significant predictor of all-cause mortality (CV and non-CV death). However, in contrast to the effect of OPG on hospitalization because of WHF, that was significant also after adjustment for NT-proBNP, this was not seen for the effect of OPG on total mortality. A breakdown of CV death showed no association between OPG and nonmyocardial CV death (ie, stroke) and sudden death, whereas a moderate effect was observed for death secondary to WHF. Also, whereas the association with CV death was weak, OPG was the strongest predictor for non-CV death, even after adjustment for NT-proBNP. However, the event rate for non-CV death was modest, and it seems that the impact of OPG on the combined end point (total mortality and hospitalization because of WHF) is largely carried by WHF. Taken together, these data may suggest that OPG, at least in this population of older individuals, is associated with worsening of myocardial function, but not with progression of vascular disease.
The association between OPG levels and HF severity could have several nonmutually exclusive explanations. Recent studies suggest the CV system may be an important contributor to circulating OPG levels, 1,5-7 and we have recently shown strong OPG immunostaining within the failing myocardium. 4 Thus, the ability of OPG levels to predict development of HF may reflect the contribution of the myocardium itself to the circulating OPG pool. We have previously shown that activation of the OPG/RANK/RANKL axis may promote matrix degradation, inflammation, and ventricular remodeling. 4 Thus, circulating OPG as a stable and reliable indicator of the overall activity of this axis, as well as a more general marker of inflammation, could contribute to its prognostic impact. Whereas raised levels of NT-proBNP is the result of, rather than the cause of, worsening myocardial function, the activation of the OPG/RANK/RANKL system may be implicated in the pathogenesis of myocardial failure. Thus, although adjustment for NT-proBNP weakened several of our findings, the data may still add additional support for a role for the OPG/RANKL/RANK system in the pathogenesis of HF. Few studies have investigated statin effects on circulating OPG, and none in a comparable patient population. Previously, low-dose simvastatin treatment for 18 weeks reduced OPG levels in 9 patients with type 2 DM with microalbuminuria and mild hypercholesterolemia compared with placebo, independent of changes in cholesterol. 18 In contrast, in the present study, in the examination a large number of HF patients with ischemic heart disease, rosuvastatin had no effect of OPG levels. Although rosuvastatin significantly improved the lipid profile in these patients, nonsurvivors had persistently raised OPG levels with no effect of statin therapy. Thus, although the pleiotropic effects of statins are well documented, 19 these seem not to include downregulatory effects of OPG in patients with chronic HF. Notably, however, although rosuvastain had no effect on all-cause mortality in the patient group as a whole, a significant interaction by treatment was observed comparing the 3 OPG tertiles, suggesting that certain subgroups of HF patients (ie, those with less prominent activity in the OPG/RANKL/RANK axis) could benefit from rosuvastatin therapy. This is in accordance with our findings for NT-proBNP, where positive effects of rosuvastatin were observed in those with the lowest values (tertile 1). 11 Important strengths of this study include a large sample size and a large number of end points. However, for some subgroup analyses, fewer end points might explain the lack of significance, and these data should be interpreted cautiously. Moreover, the study was performed in trial patients Ͼ60 years who have fewer comorbidities. Thus, the results cannot necessarily be applied to the general HF population. Also, the patients included had systolic HF and our findings might not apply to patients with preserved LVEF.
In conclusion, circulating OPG levels added no predictive information for the primary end point, was poorly associated with fatal and nonfatal CV events, but independently predicts WHF hospitalization in patients with advanced chronic systolic HF of ischemic etiology. Although the predictive value was reduced after adjustment for conventional risk markers and NT-proBNP, in particular, it remained significant, further supporting a role for the OPG/RANKL/RANK axis in the pathogenesis of chronic myocardial failure.
Sources of Funding
This work was supported by AstraZeneca. 
